ABSTRACT The emergence of genomics over the last 10 years has provided new insights into the evolution and virulence of extraintestinal Escherichia coli. By combining population genetics and phylogenetic approaches to analyze whole-genome sequences, it became possible to link genomic features to specific phenotypes, such as the ability to cause urinary tract infections. An E. coli chromosome can vary extensively in length, ranging from 4.3 to 6.2 Mb, encoding 4,084 to 6,453 proteins. This huge diversity is structured as a set of less than 2,000 genes (core genome) that are conserved between all the strains and a set of variable genes. Based on the core genome, the history of the species can be reliably reconstructed, revealing the recent emergence of phylogenetic groups A and B1 and the more ancient groups B2, F, and D. Urovirulence is most often observed in B2/F/D group strains and is a multigenic process involving numerous combinations of genes and specific alleles with epistatic interactions, all leading down multiple evolutionary paths. The genes involved mainly code for adhesins, toxins, iron capture systems, and protectins, as well as metabolic pathways and mutation-rate-control systems. However, the barrier between commensal and uropathogenic E. coli strains is difficult to draw as the factors that are responsible for virulence have probably also been selected to allow survival of E. coli as a commensal in the intestinal tract. Genomic studies have also demonstrated that infections are not the result of a unique and stable isolate, but rather often involve several isolates with variable levels of diversity that dynamically changes over time.
INTRODUCTION
Escherichia coli can act as both a model organism that has been a workhorse for molecular biology, genetics, biochemistry, and biotechnology, and a major agent of urinary tract infection (UTI). In 1997, at the beginning of the genomics era, the first E. coli genome to be sequenced (1) was of course a representative of the laboratory-derived strain K-12, originally isolated in 1922 from the stools of a convalescent diphtheria patient. Five years later, the first genome of an UTI strain was published (2) , being the third E. coli to be fully sequenced after an O157:H7 strain in 2001 (3) . Among the 61 available complete E. coli chromosomal sequences in July 2012 (Genome sequencing projects National Center for Biotechnology Information (NCBI) http://www.ncbi.nlm.nih.gov/genome/genomes/167), only 9 correspond to UTI strains and one to an asymptomatic bacteriuria (ABU) strain, all originating from humans. Four additional E. coli strains causing extraintestinal diseases are represented, with 3 human-newborn meningitis-causing strains and 1 avian pathogenic E. coli. The other sequenced strains have very diverse origins. This reflects the fact that members of the E. coli species are versatile, with various life styles. Indeed, among the 10 20 E. coli estimated to be present on the surface of the earth (4), the vast majority alternate between their primary habitat (the gut of vertebrates where they live as commensals) (5) and their secondary habitat, the soil and sediments (6) . But E. coli is also a devastating pathogen both in domestic animals and humans, where it can cause various intestinal diseases, such as severe diarrhea in children under the age of five in low-and middle-income nations, traveler's diarrhea, dysentery, hemorrhagic colitis, and hemolytic uremic syndrome. It can also cause extraintestinal diseases, mainly UTI, sepsis, newborn meningitis, and abdominal suppuration (7, 8) . Although the delineation between commensal strains and strains causing intestinal infections is relatively clear, the categorical separation between commensal and extraintestinal infection-causing strains is more tenuous. The acronym ExPEC for "extraintestinal pathogenic E. coli" has been proposed to parallel acronyms such as EPEC (enteropathogenic E. coli) or EHEC (enterohemorrhagic E. coli) used for intestinal pathogenic strains (9) . According to this definition, an ExPEC must possess recognized extraintestinal-virulence factors (VFs) or demonstrate significant virulence in an appropriate animal model of extraintestinal infection.
Isolating an E. coli strain from a patient with an extraintestinal infection is not sufficient to define an ExPEC, as some commensal strains can cause extraintestinal infections in immunocompromised patients, and ExPEC can be isolated in commensal situations (9) . ExPEC encompass the more narrow acronyms UPEC (uropathogenic E. coli), NMEC (neonatal meningitis E. coli), and APEC (avian pathogenic E. coli).
What can be learned from genomic and related data about the pathophysiology of infections due to the ExPEC and, more specifically, those due to UPEC? One of the goals of genomic analysis is to link some genome features to specific phenotypes, such as the ability to cause UTI. However, this is possible only when considering the species as a whole and knowing the evolutionary forces that drive the genetic diversity, i.e., mutation and recombination rates, selective pressure, and population sizes. Population genetics and phylogenetic approaches should be combined when analyzing whole-genome sequences.
POPULATION-GENETICS STRUCTURE OF E. COLI SPECIES
The genetic structure of a bacterial species can range from clonal to panmictic, according to the relative proportion of mutation and recombination in the generation of diversity (10) : a panmictic population exhibits a high recombination rate (horizontal diversity) whereas a clonal population generates diversity almost exclusively by mutation (vertical diversity). The first attempts to determine the E. coli genetic population structure were based on the serotypes (O, K, and H antigens) (11) and the metabolic-enzyme polymorphisms studied by multilocus enzyme electrophoresis (MLEE) (12) . The authors observed strong linkage disequilibrium among the different antigenic or protein loci studied, with non-random associations. Only some combinations of O:K:H antigens or enzyme alleles were observed, and strains exhibiting these combinations were found in distinct hosts at diverse locations and periods. It was postulated that the E. coli species consists of an array of stable lineages, called clones, among which little recombination of chromosomal genes occurred (5) . These data were corroborated at the DNA level by randomamplified polymorphic DNA (RAPD) and ribosomal DNA (rDNA) restriction fragment-length polymorphism analyses (13) . However, doubts appeared as the first DNA sequences showed clustered base substitutions within genes, which were interpreted as recombination events (14) . Furthermore, the phylogenetic trees reconstructed from individual genes were sometimes incongruent with each other, i.e., strains were not grouped in the same way in the different trees (15) , indicating recombination at the gene level. The reconciliation between these apparently discordant data came from the whole-genome-sequence analysis (16) . Approximate Bayesian computations on more than 1,500 conserved genes between 20 E. coli genomes showed that the rate of genetic exchange was twice as high as the mutation rate for short fragments of 50 base-pairs (bp), confirming a strong role of recombination in genome evolution. However, because recombined fragments are short, they do not blur the phylogenetic signal due to vertical evolution if the sequences used for phylogenetic reconstruction are long enough. It can be concluded that despite an important rate of recombination, an apparent clonal structure is observed within the E. coli species with a clear phylogenetic signal reflecting the relationship between the strains (5). Interestingly, the level of recombination was not the same all along the chromosome and two "bastions of polymorphism" (17) with high-recombination frequency were identified at the rfb locus encoding the O antigen, and a region containing the hsd restriction and modification system and mannose-sensitive type 1 pilus (fim) operons (16) . Excluding regions with a high level of recombination, the phylogenetic history of the strains can be reconstructed from the concatenated sequences of a set of genes (18, 19) , which is the basis of the multilocussequence typing (MLST). Using such an approach, Walk et al were surprised to identify strains with an E. coli biochemical phenotype that were genetically very distant from the other E. coli strains (20). These strains were classified as cryptic Escherichia clades and divided in 5 groups named clades I to V, clade I being closely related to classical E. coli and E. fergusonii, and the clade V being the most divergent (21) . The classical E. coli can then be divided in 7 main groups, A, B1, B2, C, D, E, and F. The C and F groups are closely related to the B1 and B2 groups, respectively (5, 22) . The B2 and F groups are located at the base of the tree, whereas the A and B1 groups are the most recently emerged and appear as sister groups. The MLST also allows the delineation of subgroups or clonal complexes. This is particularly true within the B2 group that can be delineated in at least 9 main subgroups (I to IX) corresponding to the sequencetype complexes (STc) 131, 73, 127, 141, 144, 12, 14, 452 , and 95, defined by Achtman's MLST scheme (http:// mlst.warwick.ac.uk/mlst/dbs/Ecoli) (19, 19bis) , respectively. Strain E2348/69 represents an additional B2 STc, as it is a representative of the EPEC-1 group (Fig. 1) .
WHICH E. COLI STRAINS ARE CAUSING UTI AND WHAT ARE THE NECESSARY GENES? Data from Complete Genomes
There are now more than 400 E. coli genomes in the NCBI database as chromosomes or scaffolds and contigs (www.http://www.ncbi.nlm.nih.gov/genome/genomes /167). It can be summarized from this database that an E. coli chromosome has an average guanine-cytosine content (GC%) of 50.5% (49.2% to 51.2%), but can vary extensively in length, ranging from 4.3 to 6.2 megabases (Mb) (mean 5.2 Mb) and encoding 4,084 to 6,453 proteins (mean 5,249 proteins7). This huge diversity is structured as a set of less than 2,000 genes (the core genome) that are conserved between all the strains and a set of more variable genes (the flexible gene pool). The functional pattern of these groups of genes greatly varies as genes of known function are strongly over-represented in the core genome, whereas genes of unknown function, and especially selfish DNA, such as transposable and prophage elements, are overrepresented among the flexible gene pool (Fig. 2) (16) . The sum of the core-genome genes and the variable genes is called the pangenome and has been estimated to be around 10 times the size of the core genome (16, 23, 24) . As more strains are sequenced, the core genome tends to stabilize, whereas each new sequenced strain brings new genes to the species' pangenome (25) . Interestingly, it can be considered that the number of genes in the E. coli species as a whole equals the number of genes in the human species.
Thus, E. coli genome is a highly dynamic structure with a constant flux of insertions and deletions. How can such a gene flow be compatible with the chromosome organization and constancy of basic functions required for life? The genome keeps a strong structure as very few genome rearrangements have been observed. First, half of the genes gained or lost are organized "en bloc" in contiguous stretches of DNA referred to as genomic islands (26) and second, most gene acquisitions and losses take place at particular hot spots located in permissive regions where large insertions can occur without causing significant loss of fitness, respecting genes, operons, and supra-operonic structures. Some of these hot spots correspond to tRNA or phage integration hot spots, but most have no specific modular signature to date (16) . This allows the combination of order and disorder during E. coli divergence (27) .
According to this partition between the core and the variable genomes, genomic analyses can be performed on ExPEC and/or UPEC strains with two main complementary approaches: (i) the search for presence or absence of specific genes and (ii) the identification of traces of positive selection within common genes. A prerequisite to these genomic analyses is the identification of the evolutionary history (phylogeny) of these strains. The phylogeny is indeed required to interpret the link between virulence and the presence/absence of characters (gene or allele). If one character is associated to virulence, two scenarios for their origin can be envisioned depending on the phylogeny of the strains (Fig. 3) . In (A), a unique event (acquisition or loss) is necessary to explain the pattern, whereas in (B), numerous events are necessary. In (A), the character, acquired by chance, is probably a phylogenetic marker. In (B), convergence, which is a hallmark of adaptive evolution (28), is observed and thus the character has been selected and is probably directly involved in virulence. This kind of analysis is possible as E. coli species, as discussed above, has a clonal structure. Most of the studies have focused on the first approach whereas only a few authors have looked at the second approach. ated with virulence. However it has also been performed to identify antibiotic-resistance genes in some resistant clones that are spreading worldwide (29) .
The first paper that really applied comparative genomics to UPEC strains was published in 2006, reporting the complete genome of strain 536 (O6:K15:H31) (30) and comparing it to another UPEC strain, CFT073 (O6: K2:H1), an EHEC O157 strain, and the laboratoryderived commensal strain K-12. The two UPEC strains belong to the B2 phylogroup (subgroup III/ST127 and FIGURE 1 Phylogenetic history, reconstructed from 8 concatenated partial-gene sequences using the Pasteur Institut MLST schema (67), of 128 E. coli strains rooted on E. fergusonii. The E. coli strains have been chosen to be representative of the species' genetic diversity and life-styles. They originate from the ECOR collection (170), our laboratory collection (77) , and from complete genomes available in GenBank. No Escherichia clade strain is represented, see (21) for their phylogeny. The strains with a black dot correspond to the strains discussed in the text for which a complete-genome sequence is available. The phylogenetic groups and subgroups (ST complexes) are indicated [see the main text for the correspondence with the ST complexes of (19) ]. The EPEC strain E2348/69 belongs to the EPEC-1 group. The arrows indicate 3 famous archetypal strains: the O157:H7 EHEC strain, the laboratory-derived K-12 strain, and the O104:H4 Shiga toxin-producing strain from the 2011 German outbreak, belonging to the E, A, and B1 phylogenetic groups, respectively. This phylogeny is similar to the one obtained from core genomes (data not shown).
subgroup II/ST73, respectively) whereas the O157 and the K-12 strains belong to the E and A phylogroup, respectively. A major strength of this paper was that it also presented data from animal-infection models using both wild-type and mutant UPEC strains. Genomic differences between the strains were observed in large genomic islands (pathogenicity islands (PAIs)), but also in small gene clusters or even single genes, and corresponded to repeated insertions and deletions in certain parts of the genome. These regions were coding for all major classes of virulence-associated factors (toxins, adhesins, siderophore systems, proteases, capsules, lipopolysaccharide), as well as for specialized metabolic activities, such as D-serine catabolism and sugar-utilization systems. The cumulative impact of PAIs on virulence was tested using single and multiple PAI-deletion mutants in UTI and septicemia murine models (31) . The results indicate that there is no single set of virulence factors or PAIs that define ExPEC.
In 2007, an APEC strain O1:K1:H7, belonging to the B2 subgroup IX/ST95, was totally sequenced (32) .
Its chromosome and 4 plasmids total a little bit more than 5.5 million bp. APEC O1 chromosome showed very high similarity with the genomes of human UPEC reference strains UTI89, which belong to the same ST, CFT073, and E. coli strain 536. Less than 5% of the APEC O1 open-reading frames (ORFs) were not found in any of the 3 reference UPEC strains. A total of 5 PAIs were described in APEC O1, four of which were chromosomal. Interestingly, one PAI was found on a virulence plasmid in APEC O1, but some of the VFs that it contained (e.g., salmochelin and aerobactin) have also been described on the chromosome of other UPEC. MLST confirmed that APEC O1:H1:K7 was very close to NMEC and UPEC strains showing the same serotype. The ExPEC phenotype seems to be more important than the sub-pathotypes (NMEC, UPEC or APEC), and more important than the host origin (human or avian).
Another important paper was published in 2009 with the analysis of 20 E. coli genomes and the genome of the closest E. coli related species, E. fergusonii (16) . In this work, two additional UPEC were sequenced: UMN026 (O17:K52:H18), a representative of clonal group A (CGA) (33) belonging to the D phylogroup, and IAI39 (O7:K1), a F phylogroup strain. Other strains included S88 (O45:K1:H7), a B2 phylogroup; subgroup IX/ST95, newborn meningitis-causing strain; one enteroaggregative O104:H4 strain; and two commensal strains. Only one and 16 genes were specifically absent or present, respectively, and associated with the ExPEC phenotype. ExPEC-specific genes corresponded to two clusters: the pap operon, a well-known adhesin determinant (34) , and genes encoding enzymes with aldo-reductase activity. In addition, when considering intrinsic extraintestinal virulence as assessed in a mouse model of septicemia that avoids host variability (35) , no gene specific to the virulent phenotype in mouse was identified. These data extended earlier studies showing that extraintestinal virulence is a multigenic process resulting from numerous gene combinations with complex epistatic interactions and multiple redundancies that take individual isolates down distinct evolutionary paths.
These three works, in addition to a more recent one in which another newborn meningitis-causing strain -IHE3034, O18:K1:H7, from the B2 subgroup IX/ST95 -was sequenced (36) , clearly revealed a strong convergence of ExPEC and UPEC strains. However, this convergence is more functional than genetic. This is in agreement with what has been recently reported in numerous lineages of E. coli evolved experimentally at 42.2°C for 2,000 generations. The sequencing of FIGURE 2 Analysis of the presence of genes in 20 genomes of E. coli (16) . The number of genes present in 1 to 20 (all) genomes is presented. The genes that are present in the 20 genomes represent the core genome (11% of the pan-genome), whereas the genes present in only one strain are strain-specific (51% of the pan-genome). It can be seen that very few genes are between these two extremes. When the genes are categorized according to their origin and functions, it appears that strain-specific genes are mostly from mobile elements and of unknown functions, whereas the core-genome genes are almost exclusively composed of non-mobile genes of known functions. Although some of the strain-specific genes confer adaptive functions as discussed in the text, most of these genes are non-adaptive and thus purged over time (16) .
one genome from these independent lineages identified more than 1,000 mutations, with few shared mutations among replicates, but with a strong pattern of functional convergence and a pervasive presence of epistasis shaping several adaptive trajectories (37) .
While E. coli strains were not considered a therapeutic problem for many years, the emergence and spread of multidrug-resistant clones over the last decade has greatly complicated the situation. The more infamous multidrugresistant strains that have been analyzed are the CGA clone mentioned above (which is resistant to ampicillin, chloramphenicol, streptomycin, sulfonamides, tetracycline, and trimethoprim (i.e., ACSSuTTp phenotype) (38)), and the B2 subgroup I/ST131 O25b:H4 clone (harboring an extended-spectrum beta-lactamase most frequently of the CTX-M type (39), or more recently, the New Delhi metalloprotease (NDM)-1 carbapenemase (40)).
In 1999 and 2000, a single E. coli clonal group was found to be responsible for half of the trimethoprimsulfamethoxazole-resistant UTIs in a community in California (33) . This group was defined by a specific 4-band electrophoretic pattern after enterobacterialrepetitive intergenic-consensus (ERIC) polymerase chain reaction (PCR), and was named CGA for "clonal group A", even though it belongs to the D phylogroup. This clonal group was also isolated from the feces of healthy volunteers from the same community in California, and in other very distant locations within the U.S.A. (38, 41) . Complete-genome sequencing of a representative of this CGA clone, UMN026, showed that most of the genes responsible for the resistance phenotype were clustered in an unique 23-kilo-base pair (kbp) chromosomal region, which occurred within a 105-kbp genomic island situated at the leuX transfer RNA (tRNA) (42) . This was the first documentation of chromosomally encoded TEM (TEM is for the name of the patient from whom the gene was first isolated on a plasmid: Temoniera) beta-lactamase and dhfrA17 genes in E. coli. This 23-kbp chromosomal region is characterized by numerous remnants of mobilization and rearrangement events, suggesting multiple horizontal transfers. The chromosomal region where the integration of this resistance island took place is a hot spot of integration. It is characterized by a mosaic pattern of genetic loci found in other E. coli strains and is localized in a region of the chromosome near the fim operon where recombination occurs with a high frequency (16) .
Two groups have sequenced a CTX-M-producing ST131 O25b:H4 strain isolated from UTI patients in India (NA114) (43) and the U.K. (EC958) (44) . As expected, they found the CTX-M gene on a plasmid in addition to numerous chromosomal-virulence genes. In strain EC958, a transposon insertion was found in the fimB gene encoding the activator of type 1 fimbriae FIGURE 3 Schematic representation of two distinct evolutionary scenarios leading to association of a character with virulence. P is for pathogenic (black circle) whereas C stands for commensal (white circle). The character can be the presence of a gene or an allele within a gene. In A, the character has been acquired by chance once in the ancestor of the black strains (red arrow) and is a phylogenetic marker. In B, several independent acquisitions of the character are observed (red arrows), representing a convergence and indicating that this character has been selected and is involved in virulence. The same reasoning can be applied for the loss of a character; in this case the ancestral status is the presence of the character.
resulting in a slower off-to-on switching phenotype for type 1 fimbriae that needs further characterization (44) .
These two cases clearly demonstrate that a given strain can be both highly resistant and virulent, as UMN026 and TN03 (another representative of the ST131 CTX-M-producing clone) are virulent in a mouse model of bacteremia (16, 45) .
Complete-genome sequencing has also been used to decipher the resistome of a NDM-1-producing strain of phylogenetic B1 group/ST101 isolated from the urine of a man transferred from Bangladesh (46) . It showed that the multidrug-resistance pattern of the strain was the result of combined chromosome-and plasmid-encoded mechanisms (47) .
An important question is how these genomic islands are spreading within the E. coli species. As mentioned above for the fim region, some hotspots of integration are also hotspots of recombination. This is also true for the rfb region, which harbors the high-pathogenicity island (HPI) involved in iron capture (48) . The HPI has a role in extraintestinal virulence as demonstrated in a mouse model of septicemia (49) . Using phylogenetic analyses and in vitro experiments, it has been shown that, once introduced in a member of the species, the HPI spread with flanking DNA regions of the E. coli-genomic backbone by conjugative transfer followed by recAdependent homologous recombination (50). According to the low level of polymorphisms observed within the HPI sequence, the spread of the HPI must have occurred dramatically fast. This led to the current situation of an extremely high (>80%) distribution of the HPI among all ExPEC strains (48).
Allelic variation under positive selection
The role of genes that are common to all E. coli, i.e., the core-genome genes, has received much less attention than the flexible-gene pool one. The first work that identified genes subject to positive selection was published in 2006. The authors reported the complete sequence of the B2 subgroup IX/ST95 UTI89 strain originating from a patient with cystitis (51). They used the PAML program (52) -which assigns likelihood scores to different hypotheses for selection based on alignments of orthologous genes and their corresponding phylogenetic trees -to identify genes under positive selection only in UPEC strains. Using this approach, they found 29 genes under positive selection, with enrichment for genes coding for cell wall/membrane biogenesis including ompC and ompF, iron acquisition systems, and recombination and repair genes. The implication of cell-surface proteins can easily be explained by immune pressure, which acts on surface/membrane structures. This point has been refined in a work using the same method but looking for genes under positive selection not restricted to UPEC strains, where the authors showed that the residues under selection occur almost exclusively in the extracellular regions of the cell-surface proteins (53) . Iron-acquisition genes are important contributors to UPEC virulence (54), as shown above in the discussion of the flexible-gene pool.
The identification of genes involved in the mutation rate is less trivial and merits further attention. It has been reported that UPEC strains have higher mutation rates than other E. coli strains (55) , and that elevated mutation rate generated by the inactivation of mismatchrepair system gene mutS confers a fitness advantage both ex vivo in human urine and in vivo in a mouse model of UTI (56) . Furthermore, Chattopadhyay and collaborators have developed a molecular-evolution tool -zonal-phylogeny analysis -specifically designed to identify footprints of positive selection and hotspot mutations, i.e., repeated, phylogenetically unlinked mutations in the same amino-acid position (57) . Using this tool, they showed that ExPEC strains accumulate hotspot mutations at a higher rate than other E. coli strains (58). All these data could indicate important roles for genes that regulate the mutation rates in ExPEC strains. Positive selection on the antimutator genes is, in this case, a second-order selection, with the mutators being selected because they generate mutations that increase adaptation of UPEC in their specific environments at a higher rate than nonmutators (59).
Within clone diversity
Next-generation sequencing technologies (60) now allow more isolates to be rapidly sequenced, at a relatively low cost. Scientists are beginning to look at variations at the clone level with these techniques. Recent works report DNA-sequence variations between isolates belonging to a single ST, or between even more closely related isolates, which evolve during colonization and/or infection processes, thus defining in vivo evolution.
The genomes of 10 English UTI ST131 isolates, some of which carry CTX-M resistance gene, have been sequenced and found to be genetically homogeneous with only 1,324 single nucleotide polymorphisms (SNPs), of which 371 are non-synonymous (61). One strain was very divergent, showing 460 strain-specific SNPs in comparison with the other strains that have only 10-60 strainspecific SNPs. Some of the reported SNPs may modulate the intrinsic extraintestinal virulence that has been observed with ST131 isolates (61) . A phylogenetic tree based on SNP data grouped CTX-M-producing strains together (61) , but these results did not hold up with the Indian ST131 isolate NA114 and therefore need to be confirmed using a larger worldwide panel of strains (48) .
In vivo evolution of E. coli strains has been reported during ABU, during feces carriage, and during UTI. The prototypical ABU, E. coli strain 83972, was originally isolated from the urinary tract of a school girl (62) , and belongs to the B2 subgroup II/ST73. It has been used for therapeutic urinary-bladder colonization in patients suffering from chronic UTI. After intravesical inoculation, the strain establishes an ABU and this approach has proven to be safe and to protect the patient from superinfection with more virulent strains (63) . ABU strain 83972 has recently been sequenced together with 3 reisolates from 3 patients that received intravesical inoculation of the strain (64) . Thirty-four loci were found to be polymorphic in the three re-isolates, both in the core genome and in the flexible-gene pool. These were nonsynonymous substitutions within genes encoding regulatory proteins involved in metabolic pathways, iron uptake, and stress protection systems. These mutations can be considered as adaptive in the human hosts as a certain level of convergence is observed in the patient isolates and no mutations were observed in a control experiment in which the strain was cultured in vitro in human urine for 2,000 generations.
Another interesting study reported on the in vivo evolution of 14 isolates of a B2 subgroup II/ST73 strains that persisted for 3 years in the feces of a six-member household and caused a UTI in the family dog (65) . Twenty mutations were observed in the 14 isolates during the course of the study, indicating a mutation rate of about 1.1 per genome per year. However, no clear evidence of adaptive changes were found in strains from either the human inhabitants or the dog, in contrast to results obtained from a comparable study with the ABU 83972 strain (64) . The powerful approaches used in these studies highlight the existence of complex patterns of inter-host transfer events.
Epidemiologic Data Based on Proxy Markers
Genomics is not yet in the era where hundreds or thousands of strains can be sequenced and analyzed rapidly. However, due to the clonal structure of the population and the frequent clustering of virulence genes in genomic islands, good proxies can be used. First, the phylogeny of the strains (corresponding to the phylogenetic history of the core genome) can be approximated using MLST with only a few genes (19, 66, 67) or, more easily, using a triplex-PCR method developed by Clermont and collaborators (68) that allows the delineation of the strains in the four main phylogenetic groups; A, B1, B2, and D, in good correlation with MLST (69). More recently, this PCR-based method has been improved (69bis) to allow the detection of the seven man phylogenetic groups (Fig. 1) . Second, the O:K:H serotype is also a good reflection of the clonal groups (48) . Lastly, the flexiblegene pool can be studied by PCR assays or by DNA microarrays. Of course, the limit of this last approach is that the search is performed only on genes with known function. Using all these proxies, epidemiologic data have been extensively generated, allowing for the comparison of thousands of strains implicated in extraintestinal infections and in the various forms of UTI.
UPEC, NMEC, and APEC strains: close relatives with multiple phenotypic potential Genomic surrogates were used to explore genetic relatedness within EXPECs. While NMEC and UPEC mainly belong to phylogroups B2, D, and F (35, 67, 70, 71) , APECs belong more commonly to phylogenetic group A, C, and then B2 (72-77). The recently described Escherichia clades are very rarely (<1%) isolated from extraintestinal sites (21) . Despite a very high heterogeneity of VF-association patterns in ExPECs (particularly in UPECs), some NMEC and APEC strains have been shown to be very similar, sharing the same B2 phylogroup, O1:K1:H7 serotype, and VF pattern (75) . Many genomic islands of APEC strain B2 subgroup IX/ST95 O1:H1:K7 were found with a high prevalence in a collection of O1 and O18 NMEC strains (78) . Close relatedness within EXPECs has also been demonstrated by MLST, with APEC and human ExPEC strains closely intertwined in any subcluster (73) . A single clonal group -B2/ST95 O1:K1:H7 -harbors UPEC, APEC, and NMEC members (79) . Maybe the most convincing argument that ExPEC are a specific, cohesive group of E. coli strains is the fact that most of the strains do not show any host specificity. UPEC strain U17 and APEC strain E058 were found to be comparably pathogenic in a chicken-infection model and a mouse urinary-tractinfection model (76) . Furthermore, the expression of a set of genes in the two models was compared to their expression during exponential phase in a rich medium. In each model (UTI or chicken infection), the two strains had a tendency to regulate some genes in the same way. Particularly, iron-acquisition genes seemed to play a critical role in both pathologic conditions. Some APEC strains are highly virulent in a rat meningitis model, and some NMEC strains are lethal to chicken embryos (80) , further illustrating the multiple and interchangeable pathogenic potential of some ExPEC strains. Interestingly, this view was recently challenged. The sequenced isolate of APEC strain ST95 O1:K1:H7 was not able to cause meningitis in a rat model, and was less virulent than UPEC strain CFT073 in a mousesepticemia model (78) . This could be explained by the fact that in vivo just a few mutations can drastically affect the intrinsic virulence of an isolate (81) . Therefore, even if some ExPEC strains show some multi-host, multipathogenic potential, it is possible that some host-specific adaptations have occurred in other ExPEC strains.
It clearly appears that APEC can be a reservoir of human pathogens (zoonosis) or of horizontally transmissible VFs within the ExPEC group (82) . Whether some host-specific genetic factors have arisen in this general background of interchangeability is still debated (78, 83) .
Where do UPEC come from?
It is generally assumed that E. coli strains that are responsible for UTIs in humans usually originate from the patients' own intestinal microbiota. Even though this pathophysiological scheme is very widely accepted, only a few studies provide evidence to support it (84, 85) . This scheme suggests that the very first steps of a UTI consist of acquiring a UPEC strain, and integrating it as part of the digestive-tract community.
Many genomic surrogate markers have been used to assess the presence of potential UPEC strains in humans, animals, and the environment. UPEC-associated VFs have been identified in E. coli isolates coming from the feces of healthy individuals, farm animals, and local or imported meat products (86) . CGA-specific ERIC-PCR and RAPD-electrophoretic patterns were identified in strains isolated from water supplies and animals (87) . Comparison of outer membrane-protein profile on sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE), pilin molecular weight, plasmid electrophoresis, and RAPD pattern evidenced a close relatedness between human and dog UPEC isolates (88, 89). Several studies showed that the VFs, and serotypes frequently found in strains recovered from human UTIs, are also highly prevalent in ExPEC strains isolated from cats, dogs, other animals, and even meat products (77, (90) (91) (92) (93) (94) (95) . As a specific example, strains isolated from dog UTIs belong to the B2 subgroups III (O6) and VI (O4) (96) , exactly matching the human archetypal strains 536 and J96, respectively (77) . Because of these similarities between human and non-human UPEC strains, and because within-household zoonotic fecal E. coli strain sharing has been demonstrated (97, 98) , it is possible that humans and animals serve as reservoirs of ExPEC strains for each other (99) , further corroborating the zoonosis hypothesis.
Interestingly, CGA was isolated both from the urine of symptomatic patients and from the feces of healthy volunteers (38) . Hence, healthy carriers represent a reservoir of ExPEC. This implies that the expression "ExPEC" can be very ambiguous. When a VF-containing E. coli strain is isolated from a non-digestive tract pathological sample, there is no doubt that it is an ExPEC. However, the CGA strains isolated from the feces of healthy volunteers are ExPEC too, even though they were leading a perfectly commensal life. It is probable that some healthy carriers will develop a UTI due to the CGA strain they are hosting in their own intestinal microbiota. To our knowledge, no prospective follow-up of a cohort of humans hosting a known pathological clonal group in their digestive tract is available. A case-control study comparing the patients developing an extraintestinal infection with the subjects that maintain the potentially harmful bacteria under control in their digestive tract would be utterly interesting. Because potential ExPEC strains can be found in a commensal setting, we believe it is very important to consider intrinsic virulence. It can be defined as the presence of known virulence factors and/ or as a pathogenic potential when tested in a controlled animal model (see below).
The prototypical UPEC is a highly virulent, B2 phylogroup strain
In an attempt to identify genes that are specific to a syndrome, the presence of VFs has extensively been examined in various collections of UPEC and fecal isolates. From these studies, it clearly appears that there is a strong correlation between phylogeny and VF content. B2 phylogroup strains contain more VFs, and PAIassociated loci than phylogroup A and B1 strains (35, (100) (101) (102) (103) (104) (105) . It has been postulated that there was a finetuning between the chromosomal background and the VFs, allowing the acquisition and the expression of the VFs (106) . With the exception of some emerging clones (such as ST131 and CGA), strains from phylogroup B2 that contain a high number of VFs usually exhibit low antibiotic resistance (101, 107) .
There is also some degree of correlation between phylogeny and syndrome severity. UPEC strains that are responsible for pyelonephritis, prostatitis, and urosepsis belong to phylogroup B2 in the vast majority of the cases (100, 102, 103, 105, 108 ). In contrast, UPEC strains isolated from patients with less severe syndromes such as asymptomatic bacteriuria or cystitis belong to phylogroups A/B1 or B2 in almost the same proportion.
Fecal strains more frequently belong to phylogenetic group A/B1 (5). However, B2 phylogenetic-group strains isolated from cystitis harbor a VF content that is indistinguishable from that of B2 phylogenetic-group strains isolated from pyelonephritis or urosepsis (102) . This indicates that phylogeny prevails over the clinical syndrome. No single genetic trait associated with virulence (VF, PAI, or phylogenetic group) is specifically associated with extraintestinal infections, including UTIs. Even with increasingly detailed information concerning the VF composition of UPEC strains, no gene or set of genes has ever been specifically associated to UTI type. Many genes contribute to extraintestinal virulence, but overall there does not seem to be any genetic determinism for specific clinical syndromes. Exceptions are B2-phylogroup strains that are recovered from patients with prostatitis. These strains consistently exhibit a slightly higher number of VFs and greater levels of biofilm formation than other UPEC strains (107, 109, 110) .
Debilitated patients are prone to be infected by less virulent A/B1 phylogroup E. coli strains Many host backgrounds and medical conditions are known to increase the risk for UTI. E. coli strains that are isolated from immunocompromised individuals frequently belong to phylogenetic group A or B1, express few VFs, and display some antibiotic resistance (101) . Such strains often infect diabetic patients (111), livertransplant recipients (112) , patients undergoing bladder reconstitution with transposition of an intestinal segment (113), patients with neurogenic bladder, and patients with indwelling catheters (114) . Bacteriuria is a very common complication in these last two patient groups. E. coli strains isolated from symptomatic and nonsymptomatic bacteriuria in neurogenic-bladder patients express the same adhesion molecules (115) (116) (117) . Patients with neurogenic bladder most frequently need intermittent or long-term bladder catheterization. The risk for developing bacteriuria has been estimated as 5% to 10% per day of catheterization (118) , and most patients with indwelling catheter for more than 30 days develop bacteriuria (119) . Interestingly, catheter-associated long-term colonizing strains more frequently belonged to phylogenetic group B2 and harbored more VFs than transient strains (120). However, there was no association between long-term colonization with a B2 strain and symptomatic UTI. This is an indication that phylogenetic-group B2 strains can be both dreadful pathogens and excellent colonizers. We believe that this is because the same genetic elements can be virulence factors in some clinical settings and fitness factors in others (see below). An exception to this rule might be the case of kidney-transplant recipients, as several works have reported the predominance of highly virulent clone B2 ST131 O25b:H4 in this population (121, 122) . However, other studies report little, if any, differences between E. coli strains isolated from immunocompromised and immunocompetent hosts (123, 124) . These divergent results can probably be explained by different definitions of immunosuppression used in studies.
UPEC and NMEC in infants: the same, but not exactly?
UTI is the most frequent bacterial infection in young children of less than 90 days of age. As the same population can be affected by neonatal meningitis-causing E. coli, UPEC and NMEC strains isolates from infants have been compared. Phylogenetic group B2 and D strains are highly predominant in both pathovars (125) . Even though NMEC and UPEC strains are very closely related, the combination of the O serotype and the MLST-sequence type (the "sequence-O-type") show that some bacterial complexes are exclusively associated with one type of infection (meningitis or urosepsis), while other complexes are frequently found in both (125) . This indicates that while NMEC and UPEC strains are phylogenetically closely related, a particular subset of VFs and genetic backgrounds can result in niche specialization.
When considering UTIs in infants, septicemic (nonmeningitis) and non-septicemic UPEC strains showed an indistinguishable phylogenetic repartition and VF content (126) . In contrast, host factors seem to influence the type UPEC of strains that affect infants. UPEC strains isolated from male uncircumcised infants are generally more closely related to UPEC strains from adults than to UPEC strains from female infants (127) . This probably indicates a different mode of acquisition of UPEC strains between male and female infants.
Toward specialized UPEC strains that are both resistant and virulent
Many reports seem to indicate that there is a trade-off between virulence and resistance in the E. coli species (101, 128, 129) . Two clonal groups that do not follow this general rule are emerging worldwide.
First, E. coli CGA, identified as ST69, can exhibit various O types (O11, O17 and O77) and has a high number of conserved VFs (130) . While it was initially identified in UTIs in North America, it was also recently shown to be an important cause of septicemia in Europe (131). In this study, CGA strains showed a higher virulence score than the other strains. Yet, non-CGA strains were more frequently sensitive to all antibiotics, while CGA strains were more frequently resistant to trimethoprim-sulfamethoxazole.
Second, the O25b:H4 ST131-B2 clonal group encompasses strains that can be highly lethal in the mousesepticemia model (45, 132) . This clonal group was identified in community settings as well as in the hospital, in samples coming from a wide range of extraintestinal infections as well as in feces of healthy individuals (39, 133) . These strains have been identified in every region of the world in association with humans, animals, and even food products (29) . O25b:H4 ST131-B2 strains seem to be particularly well-adapted to the urinary tract. Indeed, these strains are responsible for a substantial number of community-acquired cystitis cases in immunocompetent hosts (134) . Recently, multidrug-resistant O25b:H4-ST131 isolates were found to be responsible for about 40% of septicemia cases after transrectal prostate biopsies (135) . These strains also account for up to 35% of all UTIs, and 60% of quinolone-resistant UTIs in kidney-transplant recipients (121, 122) . Members of clonal group O25b:H4 ST131 have a significantly higher antibiotic-resistance score than other phylogenetic group B2 UPEC strains (122) . ST-131 can express ESBLs of various types, as well as carbapenemases (e.g., NDM-1), but can also be sensitive to third-generation cephalosporin (29) . Overall, CGA and ST-131 account for approximately 5% and 10%, respectively, of all UPEC strains in two European studies (136, 137) .
Clinical Relevance of Intrinsic Virulence How to measure extraintestinal virulence
The occurrence of an extraintestinal infection is the result of a complex network of interacting parameters. On the pathogen side, the phylogenetic group, the specific set of virulence factors, the initial inoculum, and the portal of entry play a role. On the host side, species, gender, age, underlying pathology, and innate and adaptive immunity status can affect the course of infection. On top of these variables, many external interventions, such as surgery, presence of an indwelling catheter or of other implanted material, and antibiotic treatment must be considered. Because most extraintestinal infections arise from the host's own fecal bacteria, the composition of the gut microbiota is also probably very important to take into account, even though this factor has not yet been well studied. None of these parameters, taken individually, can account for virulence. B2-phylogenetic group E. coli strains that harbor an important number of VFs can be found leading a commensal life within healthy individuals (5). Conversely, E. coli K-12 strains are devoid of any notable VF, and yet can invade mesenteric lymph nodes and spleens of severely immunodepressed mice (138) . In order to understand the myriad factors that affect extraintestinal virulence, well-standardized animal-infection models have been developed that allow measurement of a strain's "intrinsic virulence" (71, (139) (140) (141) . One very widely used model is the mouse-septicemia model, in which a fixed E. coli inoculum is injected subcutaneously into female mice (35, 142) . Mortality is then recorded. Intrinsic extraintestinal virulence of a given bacterial strain appears as a clear-cut parameter as most of the strains tested killed either more than 8 mice out of 10, or less than 3 out of ten. A marked link between phylogeny and intrinsic virulence was evidenced. Commensal strains that belong predominantly to phylogenetic group A and B1 lack VFs and do not kill mice in the septicemia model. In contrast, phylogenetic group B2 strains possessed the highest content in VFs and were also highly lethal to mice.
Overall intrinsic extraintestinal virulence results from additive effects of VFs
Seven isogenic single-PAI-deletion mutants and several multiple-PAI-deletion mutants were created in the UPEC reference strain 536 (30, 143) . The intrinsic extraintestinal virulence of these mutants in the mouse-septicemia model has been tested (31) . The majority of single-PAIdeletion mutants showed the same virulence as wild-type strain 536, i.e., 100% lethality within 30 h after subcutaneous challenge. Even the deletion of the so-called "high-pathogenicity island" (i.e., PAI IV536 that harbors the yersiniabactin gene) did not result in any decrease of virulence. Only two single-PAI-deletion mutants showed reduced virulence. This indicates that 1) all PAIs don't participate in virulence with the same importance, and 2) most PAIs are individually dispensable in this animal model. Interestingly, in a similar septicemia model, Brzuszkiewicz et al did not find any reduction in virulence in these two single-PAI-deletion mutants (30), probably because they used a higher inoculum. The study of Tourret et al also showed that, overall, PAIs contribute to virulence in an additive manner. For example, the mutant of strain 536 that lacked all 7 of the PAIs was significantly less virulent than a mutant that lacked only 1 or 2 PAIs. One of the mutants that lacked 5 PAIs was less virulent than one of the single-PAI-deletion mutants. Interestingly, the mutant that lacked all 7 of the PAIs still retained a low but significant level of virulence. This implies that not all VFs are harbored on PAIs. Comparisons of the effects of PAI deletion in septicemia versus UTI models showed that some PAIs might be more relevant to sepsis, while others are more pertinent during UTI (30) .
In total, these results reveal the genetic complexity of virulence. The interpretation of results from animal models is further complicated because the lack of VFs in a strain can be compensated by using higher inoculation doses. In addition, the relative participation of each individual VF can vary depending on the animal model used.
E. coli intrinsic virulence is not associated with clinical outcome
The analysis of intrinsic virulence of E. coli strains isolated from human septicemia confirmed a strong correlation between phylogeny and VF content (144) . In contrast, no link was found between intrinsic virulence or VF content and clinical outcome (101, 144, 145) . Indeed, strains that killed more than 80% of the mice in the septicemia model were not associated with a worse clinical outcome in humans than strains that killed no mice (144) . In a large, multicentric, prospective study of more than 1,000 septicemia patients, multivariate analysis showed that risk factors for death in E. coli septicemias are patient-related: age, existence of a cirrhosis, hospitalization before septicemia, immunosuppression, and cutaneous origin of the septicemia (145) . A urinary-tract origin was protective, even though strains isolated in septicemia with a urinary-tract origin often belonged to phylogenetic group B2 and had a higher median virulence score than those of digestive-tract origin (101, 145) . Therefore, septicemia with the urinary tract as the portal of entry seems to be associated with highly virulent strains that frequently belong to phylogenetic group B2, but nonetheless have a better prognosis than septicemic patients who are infected with less-virulent phylogenetic group A or B1 strains that originated from the digestive tract. Simply put, an immunocompetent host has a stronger chance to survive to urosepsis with a highly pathogenic bacterium than an immunocompromised host with a less-virulent isolate from the intestinal tract.
Interestingly, factors influencing the occurrence of a septicemia in UTI patients are also mainly host-related. Only one bacterial factor -a capsule determinant -is known to favor blood-bacterial translocation from the urinary tract into the bloodstream (146) .
Hierarchical organization of factors involved in extraintestinal infections
Extraintestinal virulence is the result of the complex interactions among bacterial, host, and environmental factors. Different combinations of these factors can result in the same clinical syndrome. However, based on studies covered in previous paragraphs, a hierarchical organization of infectious determinants can be proposed (Fig. 4) . Firstly, host-related factors influence the phylogenetic group of the strains that are responsible for the extraintestinal infection. Typically, A/B1 phylogroup strains, possibly from abdominal origin, are more frequently found in debilitated patients. In contrast, patients without any predisposing condition who present with pyelonephritis or urosepsis are more frequently affected by a B2 phylogenetic-group strain. Host-related factors also affect outcome of the infection, with debilitated patients showing a poorer prognosis than patients with no preexisting medical condition. Secondly, phylogenetic group is associated with VF content. B2-group strains have a high VF content and are often sensitive to antibiotics (with the exception of the recently emerged ST131 and CGA clones). A/B1 strains show a lower VF content, and are more frequently resistant to antibiotics. Lastly, VF content is correlated with the intrinsic virulence of the strains. Those with a high VF content kill more than 80% of the mice in the murine-septicemia model, while strains that are devoid of VF usually kill less than 10% of the mice.
E. COLI POLYMICROBIAL EXTRAINTESTINAL INFECTIONS
Until recently, it was generally assumed that infections were initiated by a single organism, followed by its proliferation. However, with the availability of molecular tools, including whole-genome analysis, it became evident that distinct E. coli isolates can be simultaneously present at an extraintestinal-infection site, including the urinary tract (81, 147, 148) . Two kinds of diversity can be observed: polyclonal diversity caused by phylogenetically divergent clones, and monoclonal diversity involving isolates of a single clone that exhibit micro-heterogeneity. The exact proportion of E. coli polymicrobial infections is unknown as very few studies have been reported, but is not an unusual event, with frequencies ranging from 20% to more than 50% (81, 147, 148) .
What can be learned from genomics in these infections? In polyclonal infections, phylogrouping/MLST and virulence-factor content determination are sufficient to demonstrate that, in some cases, there is an association of a highly virulent E. coli strain with a non-virulent E. coli strain (81, 149) . To try to understand the effects of such polymicrobial infections, the interaction of two FIGURE 4 Schematic representation of interactions between bacterial-associated genotypic factors, host-related conditions, and the resulting clinical syndrome. A. Highly virulent phylogroup B2 strains can be responsible for severe clinical syndromes in patients with no medical conditions, such as pyelonephritis, urosepsis, or prostatitis. They are highly lethal to mice. NB: These strains can also be found as fecal commensals, a situation that can be explained by the "virulence by-product of commensalism" hypothesis. B. A/B1 phylogenetic-group strains can be responsible for a severe clinical syndrome in debilitated patients. However, they show little lethality in a mouse model measuring intrinsic virulence. C. In patients with no medical condition, phylogroup A/B1 strains with little virulence potential are usually found in less-severe conditions such as cystitis, asymptomatic bacteriuria, or even in non-pathogenic fecal samples. They do not show any virulence in a mouse model measuring intrinsic virulence. NB: Some B2 strains with reductive evolution inactivating numerous virulence determinants can also cause ABU. These strains are not lethal in the mouse model of septicemia (E. Denamur, personal data). D. Depending on the virulence-factors/host-condition combination, highly virulent B2 phylogroup strains can also be responsible for a non-severe clinical syndrome, such as cystitis. Such strains show high intrinsic virulence in a mouse model of septicemia. VFs: virulence factors. ABU: asymptomatic bacteriuria. A, B1, B2, D: phylogenetic groups. divergent E. coli strains, isolated from a patient abscess, one highly virulent and the other not, has been studied in mouse septicemia and UTI models (150) . In these models, co-infection with the two strains (a 1-to-100 mix of the virulent and non-virulent strains, respectively) resulted in a synergistically more severe disease than produced by either microbe on its own. This is probably due to a lure effect, in which the avirulent strain overwhelms the host bacterial-clearing systems, allowing for the low numbers of the pathogenic strain to initiate a symptomatic infection. Considering that most mammals host commensal avirulent E. coli strains in their digestive tract, these results raise questions about the potential role of this reservoir of "virulence enhancers" in extraintestinal infections (150) .
The presence of monoclonal diversity within a site of infection is even more intriguing. In this case, the isolates from a single patient belong to the same sequence type and serotype, but differ by minor DNA-sequence variations as determined by pulsed-field gel electrophoresis. The isolates also present a wide continuum of phenotypic variability with respect to their antibiotic resistance, outer-membrane permeability, growth rate, stress resistance, and intrinsic virulence in a mousesepticemia model (81) . Many of these phenotypic differences within clones are considered to be the result of trade-offs between self-preservation and nutritional competence (SPANC) (151). Self-preservation involves stress protection and is an important, but costly, contributor to bacterial survival. Nutritional competence is the ability to metabolize and grow on an extensive set of substrates. Different E. coli strains can differ in how they balance SPANC, in part due to differences in expression of the stress-resistance sigma factor RpoS (152). Strains with higher RpoS levels are more resistant to external stress but metabolize fewer substrates, whereas strains with lower RpoS levels have broader nutritional capabilities but lower resistance to external stress (151) . The observed phenotypic variability of within-patient isolates was indeed associated with distinct levels of RpoS in the co-existing isolates (81) . Mutational analysis of multiple isolates from a single patient showed a star-like relationship of changes, indicating rapid diversification, with one to three mutational events occurring per isolate. These include plasmid loss, insertion sequence (IS) insertions, small-deletion and point mutations, mainly in metabolic and membrane-related genes, but not in rpoS. There are strong arguments for the fact that these mutational events have been selected for as (i) all but one point mutations are non-synonymous or occur in a regulatory region, (ii) a convergence in the gene ompA encoding an outer-membrane protein was observed with two different molecular defects leading to the absence of protein, (iii) the identified mutation in the rbs operon coding for ribose metabolism has been reported to be under selection in an experimental evolution system (153) and (iv) mutator strains were present among the different isolates (81) . These data parallel the observations made in experimental-evolution systems where no immune-selective pressure is present (154) and were explained by a simple mathematical model demonstrating that multiple genotypes with distinct levels of RpoS can co-exist as a results of SPANC trade-offs (81) . Several lines of evidence suggest that diversification occurs during the infectious process, and does not come from infection by multiple isolates exhibiting a micro-heterogeneity.
Whatever the type of diversity observed, the fact that a non-negligible number of UTI can be caused by polymicrobial infections has strong medical implications. In addition to the fact that such polymicrobial infections can enhance virulence, it has relevant impacts for clinical laboratories and their antibiogram strategies. The classical antimicrobial-susceptibility testing is performed on few (2 to 5) colonies obtained from the patient sample to establish antibiotic treatment (155, 156) . This may fail to detect the presence of other, more-resistant isolates, and may lead to therapeutic failure (157) . Such diagnostic problems may be remedied by screening numerous isolates from each patient, perhaps using more streamlined antibiograms. (81) .
EVOLUTIONARY FORCES SELECTING EXPEC VIRULENCE DETERMINANTS: THE "BY-PRODUCT OF COMMENSALISM" HYPOTHESIS
It is clear that multiple bacterial factors such as adhesins, iron-capture systems, toxins, and protectins, which are often localized within genomic islands, promote intrinsic extraintestinal virulence (30, 31, 158) , allowing colonization of extraintestinal sites. Without treatment, bacterial colonization that is facilitated by multiple VFs will lead to severe disease and potentially to rapid host death that could consequently limit transmission of the infecting strain. In this context, how can we explain that these virulence determinants have been selected for during the more than 50-million years of E. coli history (159)? This apparent contradiction between the presence and maintenance of many VFs and the presumably poor selective advantage of highly virulent strains during extraintestinal infection has led to the idea that many VFs might be required for transmission to new hosts or for the colonization of niches where the bacteria reside as commensals. This view leads to the hypothesis that infections caused by facultative pathogens such as E. coli occur by accident (160) . A combination of epidemiological, phylogenetic, genomic, and clinical data argues for an ancestral emergence of extraintestinal virulence that appears as a coincidental by-product of commensalism (161) . This has been experimentally demonstrated in a streptomycin-treated mouse-colonization model using the UPEC wild-type 536 strain and isogenic-PAI mutants (30, 143) . First, the wild-type strain 536 outcompetes the non-pathogenic K-12 strain in this model (30) . Second, deletion of all seven PAIs drastically reduces the fitness of 536 during persistent intestinal colonization in co-challenge experiments with the wildtype strain. This mutant defect seems to be linked to the hypermotility observed in mutants devoid of all PAIs (143) . In addition, this study shows that PAIs diminish bacterial fitness during growth in urine, suggesting that urinary-tract infections are unlikely to provide selective pressure for the maintenance of ExPEC PAIs (143) .
All these data are in line with epidemiological observations of the commensal E. coli microbiota in healthy humans reporting that B2-group strains that encode numerous virulent determinants on PAIs are both dominant (the most abundant clone in each fecal sample) (162) and persistent (long-term colonizer) (163) . This has clear implications for the pathophysiology of UTI. Moreno et al compared fecal and urine clones in a cohort of women affected with acute uncomplicated cystitis. They showed that belonging to the B2 phylogroup, harboring multiple virulence factors, and being dominant and pauciclonal in the feces were factors associated with being a urinary clone (164) . Furthermore, ABU strains, which establish long-term bacteriuria without causing symptoms of UTI, are related to UPEC, but exhibit reductive evolution by point mutations, DNA rearrangements, and deletions in essential virulence genes (165) . So, the long-term survival of these clones in urine is seemingly associated with an attenuation of virulence (165, 166) .
CONCLUSIONS
The arrival of whole-genome sequencing has clearly helped break new ground in understanding the evolution and virulence of ExPEC, including UTI strains. However, genomic sequencing has also pointed out an unsuspected complexity in ExPEC and related E. coli clones. There is not one (or even a few) gene(s) that specifically define UPEC. Instead, numerous combinations of genes, associated to specific alleles, can result in an E. coli strain acquiring a UPEC phenotype. The barrier between commensal and UPEC strains is difficult to draw. This is probably due to genes that enable E. coli to thrive within the intestinal tract overlap with those that are responsible for the UPEC phenotype. In other words, UPEC virulence is potentially a by-product of commensalism. Lastly, infections are not the result of a single, unique, and stable isolate. Rather, several isolates with variable levels of diversity are often involved, dynamically changing over time.
The number of completed sequences will continue to grow exponentially and, due to the improvement of the high-throughput-sequencing technologies associated with reduced costs, we can expect an explosion of data in the next few years. High-throughput RNAsequencing techniques will also continue to improve, allowing for more accurate study of transcriptional analysis of UPEC strains and providing detailed insight into the gene-regulatory processes that govern bacterial adaptation within extraintestinal sites. Indeed, gene regulation is a key process in adaptation (167, 168) . A priority should be given now to the development of powerful bioinformatics and statistical tools. One of the key steps to further progress in the understanding of extraintestinal virulence will be the knowledge of the strains that will be analyzed and the pertinence of their sampling.
As we have seen a very important role of the host status in the gravity of the infections caused by UPEC, one can imagine that the progress of genomics could also be applied to the sequencing of the host genome, moving towards more personalized medicine (169) based on the identification of infection-susceptibility genes, in combination with microbial genomics.
